Summary Background Ilorasertib (ABT-348) is a novel inhibitor of Aurora kinase, vascular endothelial growth factor (VEGF) and platelet-derived growth factor receptors, and the Src families of tyrosine kinases. Ilorasertib alone or in combination with azacitidine demonstrated activity in preclinical models in various hematological malignancies, indicating that pan-Aurora kinase and multiple kinase inhibition may have preferential antileukemic activity. This phase 1 trial determined the safety, pharmacokinetics, and preliminary antitumor activity of ilorasertib alone or combined with azacitidine in advanced hematologic malignancies. Patients and methods Fifty-two patients (median age, 67 years; 35 % with >4 prior regimens) with acute myelogenous leukaemia (AML; n=38), m y e l o d y s p l a s t i c s y n d r o m e ( n = 1 2 ) , o r c h r o n i c myelomonocytic leukaemia (n=2) received 3 or 6 doses of ilorasertib per 28-day cycle and were assigned to arm A (once-weekly oral), B (twice-weekly oral), C (once-weekly oral plus azacitidine), or D (once-weekly intravenous) treatment. Results Maximum tolerated doses were not determined; the recommended phase 2 oral monotherapy doses were 540 mg once weekly and 480 mg twice weekly. The most common grade 3/4 adverse events were hypertension (28.8 %), hypokalemia (15.4 %), anemia (13.5 %), and hypophosphatemia (11.5 %). Oral ilorasertib pharmacokinetics appeared dose proportional, with a 15-hour half-life and no interaction with azacitidine. Ilorasertib inhibited biomarkers for Aurora kinase and VEGF receptors, and demonstrated clinical responses in 3 AML patients. Conclusions Ilorasertib exhibited acceptable safety and pharmacokinetics at or below the recommended phase 2 dose, displayed evidence of dual Aurora kinase and VEGF receptor kinase inhibition, and activity in AML.
Introduction
Despite recent advances in targeted therapy, patients with advanced hematologic malignancies, such as acute and chronic leukemias and myelodysplastic syndrome (MDS), continue to have a poor prognosis [1] [2] [3] . Thus, there remains an unmet need to identify new agents and therapeutic approaches to improve clinical outcomes in patients with these difficult-totreat diseases. Because oncogenic mutations in kinases are implicated in numerous cancer types, targeting of the kinasemediated signaling pathways is a well-recognized approach to developing cancer therapies [4, 5] .
A number of kinases involved in tumor progression have been identified. Members of the vascular endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF) receptor kinase families mediate tumor progression via a number of mechanisms, including angiogenesis [6, 7] , lymphangiogenesis [8] , and host-tumor cell interactions [9, 10] . FMS-like tyrosine kinase 3 (FLT-3), a member of the PDGF receptor family, is commonly mutated (~25 %) in patients with acute myelogenous leukemia (AML), which can lead to a poor prognosis [11, 12] . Aurora kinases are a family of serine/threonine kinases (A, B, C) that are amplified or overexpressed in tumors [13] [14] [15] and mediate multiple events in cell division, such as centrosome separation, spindle assembly, and chromosome segregation [13, 16] . Members of the Src family of tyrosine kinases are overexpressed in a number of hematologic malignancies and solid tumors and are involved in tumor progression (via changes in proliferation, motility, invasion, and angiogenesis), as well as resistance to BCR-ABL kinase inhibitors [17, 18] .
In preclinical studies, combined inhibition of the VEGF/ PDGF receptor and Aurora kinase signaling enhanced the antitumor activity achieved through inhibition of the individual functions [19] .
Ilorasertib is a novel ATP-competitive multitargeted kinase inhibitor of Aurora kinases (A, B, C), as well as all known members of the VEGF/PDGF and Src families of tyrosine kinases [20] . Because ilorasertib targets multiple pathways of tumor progression, it may have the potential to overcome the limitations of the more selective kinase inhibitors. Preclinical antitumor activity included tumor regression and prolonged survival in multiple xenograft models of lymphoma, acute leukemias, and MDS, as well as in solid tumors [19, 20] . The primary objectives of this phase 1 dose-escalation trial were to determine the safety and pharmacokinetic profiles of ilorasertib in patients with hematologic malignancies. Secondary objectives included a determination of the maximum tolerated dose (MTD) and recommended phase 2 dose (RPTD) of ilorasertib when administered as monotherapy and in combination with azacitidine.
Patients and methods

Patients
The study included patients ≥18 years of age with histologic or cytologic confirmation of hematologic malignancy, depending on the arm to which patients were assigned. Those receiving ilorasertib monotherapy in arms A, B, and D were required to have either 1) relapsed or refractory AML or untreated AML if >60 years of age and without favorable cytogenetics, or acute lymphoblastic leukemia (ALL) if they had failed or were unsuitable for standard therapy; 2) chronic myelogenous leukemia (CML) in patients who had not responded or had relapsed on imatinib, had failed second-line tyrosine kinase inhibitor therapy, and were not candidates for allogeneic bone marrow transplantation; 3) B-cell chronic lymphocytic leukemia in patients who had not responded, or had relapsed on or were unsuitable for fludarabine therapy and had not responded to or relapsed on alkylating therapy; or 4) MDS, including chronic myelomonocytic leukemia (CMML) in patients with International Prognostic Scoring System (IPSS) risk categories of intermediate-2 or high risk, or any MDS with symptomatic anemia resistant to erythropoietin, immunosuppressants, or DNA methyltransferase inhibitor therapy (eg, azacitidine/decitabine). Patients receiving azacitidine with ilorasertib in arm C were required to have either 1) relapsed or refractory AML, or untreated AML if >60 years of age and without favorable cytogenetics (ie, lack of t [8.21] ) or 2) untreated MDS, including CMML with IPSS risk categories of intermediate-2 or high risk or with >10 % blasts in the bone marrow, or any myelodysplasia with symptomatic anemia resistant to erythropoietin or immunosuppressants, or no response shown after 4 cycles of DNA methyltransferase inhibitor therapy or progression on DNA methyltransferase inhibitor therapy.
Patients in all arms were required to have an Eastern Cooperative Oncology Group performance status of 0 to 2; adequate hematologic, renal, and hepatic function; a corrected QT (QTc) interval <500 msec; and a left ventricular ejection fraction >50 %. Exclusion criteria included known active central nervous system involvement; anticancer therapy within 14 days or 5 half-lives (whichever was shorter) prior to study drug administration for patients with AML or ALL (hydroxyurea was permitted per investigator discretion), or within 28 days or 5 half-lives (whichever was shorter) for patients with CMML or MDS (hydroxyurea was permitted per investigator discretion); biologic therapy within 6 weeks of the first dose of ilorasertib; or major surgery within 28 days of ilorasertib administration. Patients were also excluded if they had unresolved toxicities from prior anticancer therapy, proteinuria, poorly controlled diabetes mellitus, or symptomatic or persistent uncontrolled hypertension, or were receiving therapeutic anticoagulation therapy. Patients were not allowed to receive other anticancer agents, anticancer Chinese medicine or herbal remedies, investigational drugs, or inhibitors of cytochrome P450 3A (CYP3A).
Study design and treatment
This was a phase 1 dose-escalation study that evaluated the pharmacokinetics and safety of ilorasertib as monotherapy and in combination with azacitidine, with the objective of defining the dose-limiting toxicities (DLTs), the subsequent MTD, and the RPTD.
Patients were assigned to 1 of 4 dosing schedules using a modified continual reassessment method (estimate the MTD from a continuum of doses) for dose escalation. The MTD is defined as the dose that leads to a 30 % rate of DLT as estimated by a logistic regression model. Treatment was continued until disease progression or study withdrawal. The study was conducted in accordance with the International Conference on Harmonisation Good Clinical Practice Guidelines and the Declaration of Helsinki and was registered on clinicaltrials.gov as NCT01110473. The investigational review board of the participating institutions approved the study, and all patients provided written informed consent.
Assessments
Patients were evaluated on days 1, 8, 15, and 22 of cycles 1 through 4, then on day 1 of each subsequent cycle. Toxicity was assessed continuously and graded according to the Common Terminology Criteria for Adverse Events, Version 4.0. Blood samples were collected at multiple time points for the determination of pharmacokinetic parameters for ilorasertib (all treatment arms) and azacitidine (arm C). Extensive pharmacokinetic sampling for ilorasertib was performed up to 72 h after dosing on days 1 and 15. Multiple pharmacokinetic samples for azacitidine assay were collected over 4 h from the start of the infusion on day 1 and day 5 or 8. Standard pharmacokinetic variables of ilorasertib and azacitidine were determined using noncompartmental methods, including maximum observed plasma concentration (C max ), time to C max (T max ), elimination half-life (t ½ ), and area under the plasma concentration-time curve from the time of the last measurable concentration (AUC t ) and from time 0 to infinity (AUC ∞ ). Blood for analysis of pharmacodynamics parameters was also collected in conjunction with clinical pharmacokinetic samples. Biomarkers of efficacy included cell cycle analysis and concentrations of placental growth factor (PlGF). Cellular arrest and polyploidy were assessed by performing flow cytometry analyses of peripheral blood mononuclear cells in order to determine the percentage of cells with 2 N, 4 N, or >4 N DNA (polyploidy). PlGF concentrations were determined at designated time points using methods previously reported [21] . Efficacy was assessed via response criteria using the revised guidelines of the International Working Group for AML, ALL, and MDS [22] and the Clinical Practice Guidelines in Oncology for CML [23] . Safety assessments included the reporting of adverse events, laboratory profiles, physical examinations, multiple-gated acquisition scans or echocardiograms, electrocardiograms, and vital signs, which were assessed throughout the study.
Statistical analysis
For each arm, an adaptive continual reassessment method was used to estimate the target MTD from a continuum of doses. Summary statistics for pharmacokinetics data were tabulated by dose level and visit for each arm. Safety data were summarized by dose level for each arm.
Results
Patient characteristics and treatment
Patient demographics are summarized in Table 1 . Patients were predominantly male (69.2 %) and ≥65 years of age (57.7 %), and were most commonly diagnosed with AML (73.1 %). Approximately one third of patients (34.6 %; n= 18), had received more than 4 prior drug regimens. All patients (N=52) received at least 1 dose of ilorasertib. The median overall exposure time was 43 days (mean exposure time, 48.6 days; range, 1-289 days) and ranged from 19 days (arm C) to 44 days (arm B). Patients in arms A and B received more doses of ilorasertib than patients in arms C and D.
Tolerability
In arm A, ilorasertib was initiated at 10 mg and escalated to 690 mg, with the first DLT of grade 3 pancreatitis observed at the 640-mg dose ( Table 2 ). Because of this DLT and a second case of grade 3 pancreatitis also observed at the 640-mg dose, that occurred in cycle 3 outside the DLT assessment period, further enrollment in arm A was postponed and arms B and C were opened. The MTD of arm A was not determined, and the RPTD was 540 mg. The starting dose in arm B was the dosing level most recently determined to be safe in arm A, and was given as a split dose across 2 days (ie, 640 mg/2=320 mg). No DLTs were observed at 320 or 480 mg twice weekly in arm B, and the RPTD was 480 mg twice weekly. The starting dose in arm C was 440 mg, 2 dose levels below the level most recently determined to be safe in arm A. In arm C, 2 of 3 patients enrolled at the 440-mg dose reported a DLT (grade 4 acute kidney injury, n=1; grade 3 hypertension, n=1). The MTD was not defined, and further dose combinations were not explored. Patients in arm D received a starting dose of 32 mg based on tolerability of the intravenous (IV) formulation in another phase 1 study conducted in parallel. No DLTs were seen in arm D, and the MTD and RPTD were not determined. A decision was made not to further explore the IV formulation in this trial.
Treatment-emergent adverse events of all grades (≥10 %) and those of grade 3/4 are summarized in Table 3 . Fifty-one of 52 patients (98.1 %) reported at least 1 treatment-emergent adverse event. The most common adverse events (>20 %) were diarrhea, nausea, proteinuria, hypokalemia, hypertension, fatigue, and peripheral edema. Forty-two of 52 patients (80.8 %) reported grade 3 or 4 adverse events, the most common of which were h y p e r t e n s i o n , h y p o k a l e m i a , a n e m i a , a n d hypophosphatemia. Grade 3 or 4 adverse events related to ilorasertib included hypertension (17.3 %), pancreatitis (3.8 %), and proteinuria (3.8 %).
Pharmacokinetics
After a single dose of ilorasertib in arm A, ilorasertib plasma concentrations peaked at approximately 3 h for all dose levels (Fig. 1a) . Pharmacokinetic parameters of ilorasertib on day 1 are summarized in Table 4 . Results were similar when pharmacokinetic parameters were calculated for day 15 (data not shown). C max and AUC ∞ were generally dose proportional across the 80-to 690-mg dose range, although there was a relatively high variability at low doses, with coefficients of DLT, Dose-limiting toxicity; IV, intravenous; PO, oral a A second case of grade 3 pancreatitis occurred during cycle 3 in arm A; therefore, further enrollment was halted variation for dose-normalized C max and AUC ∞ of approximately 66 % and 119 %, respectively. A biphasic distribution was seen, with a terminal t 1/2 of approximately 15 h across dose levels. Renal excretion of ilorasertib as the parent drug was negligible. Compared with the once-weekly dosing of arm A, dividing the dose into 2 doses separated by 23 h (ie, arm B) led to lower C max values and prolonged the plasma exposure above the lower threshold of preclinical efficacious concentration of 500 ng/ mL (Fig. 1b, Table 4 ). In addition, arm B showed no apparent accumulation of study drug between days 1 and 15. When ilorasertib was administered with azacitidine (arm C), no apparent pharmacokinetic interaction between ilorasertib and azacitidine was evident (Fig. 1c) . IV dosing of ilorasertib (arm D) exhibited a clear biphasic distribution, with peak plasma concentrations observed at the end of the 4-hour infusion (Fig. 1d) . Pharmacokinetic parameters of ilorasertib after IV administration are summarized in Table 4 . Based on day 1 AUC in arm D and that in arm A, the estimated absolute oral bioavailability of ilorasertib at doses greater than 80 mg was determined to be approximately 12 %. This likely explains, at least in part, the high pharmacokinetic variability after oral dosing.
Biomarkers
Cell cycle changes
Among the 28 patients in arm A for whom cell cycle changes were assessed, 9 had sufficient cycling cells at baseline for the determination to be performed. A ≥2-fold increase in the number of cells with 4 N DNA and polyploidy was observed in these patients (Fig. 2a) . No association between ilorasertib dose and cell cycle arrest was observed.
Placental growth factor
After the first dose of ilorasertib, a ≥2-fold increase in PlGF was observed across the dose range of 10 to 690 mg (Fig. 2b) . There was no apparent relationship between dose and the magnitude of change in PlGF.
Efficacy
Among the 52 patients with advanced hematologic malignancies, 3 AML patients had an objective response (5.8 %; 95 % CI, 1.2 %-15.9 %). Two of the patients were in arm A: 1 achieved a complete response (CR), and the other experienced a CR with incomplete blood count recovery (CRi), at the 690-mg and 640-mg dose levels, respectively; the CR was achieved at the end of cycle 8, while the CRi was experienced at the end of cycle 1. One additional patient with AML achieved a partial response at the end of cycle 2 (arm B at the 480-mg dose level). Twelve patients had a best response of stable disease. Disease progression occurred in 33 of the 52 patients (63.5 %), and the median time to progression was 55 days (95 % CI, 50-71 days).
Discussion
On the basis of a deeper understanding of the molecular events involved in tumorigenesis and proliferation, a number of kinase-mediated signaling pathways, such as the Aurora kinases, VEGF/PDGF, and the Src families of tyrosine kinases, have been identified as potential therapeutic targets for the treatment of hematologic malignancies and solid tumors [4, [20] . The current study was undertaken to determine the safety and pharmacokinetics of ilorasertib. Other objectives included a determination of the DLT and RPTD and an assessment of the biomarkers of target engagement. The most frequently reported adverse events were gastrointestinal (ie, abdominal pain, constipation, diarrhea, nausea, vomiting) and hypertension, as expected from the mechanism of action of the drug. The first DLT in the monotherapy arm was grade 3 pancreatitis at 640 mg, but no DLTs were observed at 320 or 480 mg twice weekly. A second patient assigned to arm C experienced a DLT of grade 3 hypertension. The most common grade 3/4 adverse events were hypertension, hypokalemia, anemia, and hypophosphatemia. On the basis of these results, the RPTD was 540 mg for monotherapy and 480 mg for twice-weekly administration. Other Aurora kinase inhibitors have mainly been associated with DLTs of neutropenia [24] [25] [26] [27] . Unlike the toxicities associated with other Aurora kinase inhibitors, toxicities in this study included hypertension and proteinuria, as ilorasertib also targets the VEGF/PDGF receptor axis.
This study also provides important information regarding the pharmacokinetic profile of ilorasertib in various oral dose regimens, after IV administration, and in combination with azacitidine. After oral administration, the C max , AUC, and t 1/2 of ilorasertib were generally dose proportional, although there was a higher variability at low doses. Dividing the weekly dose into 2 doses given 23 h apart led to a lower C max and prolonged the plasma exposure above the lower threshold of the preclinical efficacious concentration of 500 ng/mL [20] . This dosing schedule was based on and aligned with the preclinical studies of ilorasertib. There was also no apparent accumulation of ilorasertib with multiple doses. Oral bioavailability of ilorasertib appears to be low. On the basis of a comparison of the oral monotherapy and IV arms in the current studies, the oral bioavailability of ilorasertib doses at greater than 80 mg was estimated to be approximately 12 %. Further, no apparent pharmacokinetic drug-drug interaction was observed when ilorasertib was coadministered with azacitidine.
Data from these studies also provided evidence of dual Aurora/VEGF receptor kinase inhibition by ilorasertib as evidenced by biomarker studies (ie, cell cycle changes and increases in PlGF). These data support preclinical studies demonstrating that ilorasertib is a potent inhibitor of multiple kinases, including Aurora A, B, and C, and the VEGF and PDGF receptor kinases [20] . The downstream effects of Aurora kinase inhibition include cellular arrest in mitosis (4 N DNA content) and the induction of polyploidy, which may ultimately result in apoptosis [28] . Increases in PlGF have been observed following treatment with VEGF receptor inhibitors, and PlGF appears to be a valuable biomarker for antitumor efficacy [21, 29] . Further, PlGF also appears to be a potential avenue for the prevention of tumor resistance to anti-VEGF therapy [29] . The potent activity of ilorasertib against Aurora kinases and its inhibition of VEGF/PDGF tyrosine kinase receptors provides a unique pharmacodynamic profile that targets multiple mechanisms of tumor progression. This unique spectrum of activity differs from that of other Aurora kinase inhibitors in that it affects both the tumor cell and the tumor microenvironment. Preliminary data from the current study indicate that ilorasertib may have clinical activity in patients with hematologic malignancies. In patients with AML, 1 CR, 1 CRi, and 1 partial response were observed. Ilorasertib is a potent inhibitor of FLT-3, which may contribute to its activity in AML, as the patient with a CR was FLT-3 positive. Additional studies of ilorasertib in patients with FLT3-positive AML or in patients not responding to FLT-3 inhibition may be warranted.
The efficacy of Aurora kinase inhibition for the treatment of hematologic malignancies and solid tumors is under evaluation using a number of agents. For example, the Aurora kinase A and B inhibitor alisertib [30] has demonstrated activity in phase 2 studies in patients with AML [31] , relapsed or refractory B-and T-cell non-Hodgkin lymphomas, [31] and ovarian cancer [32] and is currently in phase 3 development in the treatment of patients with peripheral T-cell lymphoma.
Selective Aurora kinase inhibitors such as ENMD-2076 (Aurora A inhibitor) are also under evaluation. ENMD-2076 has modest in vitro cellular potency against Aurora A kinase (half the maximal inhibitory concentration [IC 50 ], 25-700 nM) [33] compared with a range of 153 to 233 nM for ilorasertib [20] . ENMD-2076 is currently being evaluated for solid tumors and multiple myeloma [33] . Other molecules inhibiting multiple Aurora kinases include danusertib (Aurora A, B, C; Nerviano), CYC116 (Aurora A, B, C; Cyclacel), SNS-314 (Aurora A, B, C; Sunesis), VX-680 (Aurora A, B, C; Vertex), AT9283 (A, B; Astex), R763 (Aurora A, B, C; Astex), PF-03814375 (Aurora A, B; Pfizer), GSK1070916 (Aurora B, C; GlaxoSmithKline), and AMG-900 (Aurora A, B, C; Amgen) [33] .
Danusertib is a small molecule that is among the most welladvanced Aurora kinase inhibitors in clinical development. In addition to the inhibition of all 3 Aurora kinases (A, B, and C), danusertib also has activity against other clinically relevant tyrosine kinases, such as Abl, TrkA, Ret, and fibroblast growth factor receptor 1 [34] . Although danusertib has demonstrated antiproliferative activity in a wide range of cancer cell lines, it has so far demonstrated limited activity in solid tumors in phase 2 trials [34] . In a phase 1 study, danusertib generated responses in 6 of 23 patients with CML or Ph+ALL (36). A phase 2 trial of danusertib in patients with CML has completed enrollment [34] . In summary, this phase 1 study provides data on the safety and pharmacokinetic/pharmacodynamic profiles and activity of ilorasertib, a novel kinase inhibitor of Aurora kinases (A, B, C) and the VEGF/PDGF receptor and Src families of tyrosine kinases in patients with advanced hematologic malignancies. Ilorasertib demonstrated an acceptable pharmacokinetic and tolerability profile as monotherapy at or below the RPTD, with evidence of dual Aurora/VEGF receptor kinase inhibition and activity in patients with AML. Additional studies of ilorasertib in hematological malignancies are not currently planned. 
